A collection of 63 isolates of Pseudomonas aeruginosa associated with ulcerative keratitis, collected from six centres in England, were typed using serotyping and random amplified polymorphic DNA-PCR, and screened for several variable virulence-related genotypes and phenotypes. Sixty-one percent of the isolates were of either serotype O1 or serotype O11, but there was no evidence for a common clone. The majority of isolates (59 %) were PCR-positive for exoU rather than for exoS (38 %), and carried a-type fliC genes (76 %) rather than b-type (24 %). Isolates were PCR-positive for pyoverdine-receptor types at a prevalence of 38 % for type I, 46 % for type II and 8 % for type III. All but one of the isolates exhibited twitching activity. There was a correlation between the presence of exoS and twitching activity (P ¼ 0 . 04), suggesting that a combination of exoS genotype and good twitching activity may have a role to play in ExoU-independent corneal virulence.
INTRODUCTION
Pseudomonas aeruginosa, a major opportunistic pathogen, is a common cause of bacterial keratitis, especially in contact lens wearers. Infection with P. aeruginosa leads to a rapid destructive keratitis and potential perforation within 2-4 days (Fleiszig & Evans, 2002) . Generally P. aeruginosa-related keratitis tends to have a poor outcome in terms of corneal scarring and response to treatment. The pathogenesis of P. aeruginosa keratitis consists of colonization of the cornea, induction of proinflammatory cytokines (TNF-AE, IL-1) (Kernacki et al., 1998; Rudner et al., 2000) , the migration of neutrophils into the cornea to kill and remove the pathogen (Pillar & Hobden, 2002) , and subsequent corneal damage due to the neutrophil response and bacterial factors.
Flagella and pili play potential roles in the pathogenicity of P. aeruginosa as adhesins (Feldman et al., 1998; Comolli et al., 1999) . Type IV pili are surface appendages with a role in adherence (Hahn, 1997) or non-flagellar 'twitching' motility that are produced by many bacterial pathogens. It has been demonstrated that mutants of P. aeruginosa defective in twitching motility show reduced ability to colonize the cornea in a mouse model (Zolfaghar et al., 2003) . Thus, twitching motility appears to contribute to the role of pili in corneal infection. In addition, it has been shown that flagellum assembly mutants are attenuated in their ability to invade corneal epithelial cells (Fleiszig et al., 2001) . The flagella of P. aeruginosa also contribute to the inflammatory responses of corneal epithelial cells in a TLR5-NF-kB signalling pathway-dependent manner (Zhang et al., 2003) .
P. aeruginosa is capable of secreting a number of proteins with potential roles in pathogenicity. These include proteases (alkaline protease, staphylolytic protease, elastase, protease IV), heat-labile and heat-stable haemolysins, phospholipase C and exotoxins A, S, T, U and Y (Kawaharajo et al., 1974; Kessler et al., 1977; Ohman et al., 1980; Pillar & Hobden, 2002; Sato et al., 2003; Schulert et al., 2003) . Clinical isolates of P. aeruginosa that secrete type III secreted toxins (ExoS, ExoT, ExoU and ExoY) have been associated with greater morbidity or mortality (Finck-Barbancon et al., 1997; Fleiszig et al., 1997; Roy-Burman et al., 2001) . It has been reported that P. aeruginosa isolates generally conform to one of two pathogenicity-related phenotypes: cytotoxicity or invasion; and that these phenotypes correlate with the presence of exoU (encoding exotoxin U) or exoS (encoding exotoxin S) respectively . It has since become clear that some strains of P. aeruginosa can exhibit exoU-independent cytotoxicity (Dacheux et al., 2000) . However, a number of studies have assessed the relative distributions of these mutually exclusive type III effector genes Parsons et al., 2002; Berthelot et al., 2003; Lanotte et al., 2004) .
duce secreted siderophores such as the yellow-green pyoverdines. There are at least three different pyoverdines (types I-III) that chelate iron, with the resulting ferri-pyoverdine complex being transported back into the bacteria by specific cell-surface receptor proteins (FpvAI-III) (De Chial et al., 2003) . Pyoverdines also act as signalling molecules inducing the production of three secreted virulence factors exotoxin A, PrpL endoprotease and pyoverdine itself (Beare et al., 2003) .
There is evidence that some P. aeruginosa strains are more virulent and better able to invade the cornea . Such properties may be a consequence of either the combination of genes possessed by a particular strain or variations in gene expression. Epidemic clones of P. aeruginosa have also been reported amongst isolates from patients with keratitis (Lomholt et al., 2001) . They were characterized by high activity of an unusually sized elastase, high alkaline protease activity and possession of the exoU gene, a recognized marker for cytotoxicity. The importance of ExoU in corneal disease has been demonstrated in a murine model (Lee et al., 2003) .
P. aeruginosa displays an epidemic population structure, with frequent recombination events leading to the evolution of highly successful epidemic clones (Pirnay et al., 2002) . The genome of P. aeruginosa is mosaic, with all strains possessing a highly conserved backbone that contains the vast majority of their genome (Ernst et al., 2003; Wolfgang et al., 2003) but with variations occurring due to the presence or absence of particular genes or genomic islands (Larbig et al., 2002; Spencer et al., 2003) . Amongst the variable genes with a role in pathogenicity are the O-antigen genes, pyoverdine synthesis and receptor genes, flagellin glycosylation and structural genes, and type III secretion (TTS) effector genes. We have screened a collection of 63 isolates of P. aeruginosa isolated from patients with ulcerative keratitis for several variable virulence-related phenotypes and genotypes with a view to better understanding the properties of the bacterium that contribute to such infections.
METHODS
Keratitis isolates. The Microbiology Ophthalmic Group is a recently established group of microbiologists and ophthalmologists from six UK centres: London, Birmingham, Newcastle, Bristol, Manchester and Liverpool. Between April 2003 and March 2004 , isolates from the corneas of patients with ulcerative keratitis were sent to the reference laboratory in Liverpool for storage. Sixty-eight isolates were presumptively identified as P. aeruginosa or Pseudomonas species. Of these, 63 were confirmed as P. aeruginosa by PCR amplification of the oprL gene as described elsewhere (De Vos et al., 1997) . The remaining five isolates were the only isolates that tested negative using a previously published PCR assay for the exoA gene (Panagea et al., 2003) , and were also negative in other tests targeting P. aeruginosa genes. These five isolates were excluded from further study. All but four of the remaining 63 isolates exhibited haemolysis on blood agar, and all produced siderophores on chrome azurol S agar (Schwyn & Neilands, 1987) . Two common laboratory reference strains were included in the phenotypic assays: PAO1 and PA14 (gift of Laurence Rahme, Harvard Medical School).
Isolate typing. The 63 P. aeruginosa isolates were subjected to Oantigen serotyping, using a commercially available kit (Bio-Rad), and to random amplified polymorphic DNA (RAPD) typing using primers 272 and 208 as described elsewhere (Mahenthiralingam et al., 1996) .
Genotyping. Multiplex-PCR assays were used to determine the distribution of the TTS genes exoT, exoY, exoS and exoU (Ajayi et al., 2003) and the pyoverdine-receptor type (De Chial et al., 2003) . The flagellin gene type (a or b) was determined using PCR assays either with the published primers CW45 and CW46 (Winstanley et al., 1996) or the alternative primers CW50 and CW51. The oligonucleotide primers and annealing temperatures used in this study are listed in Table 1 .
Twitching motility. Twitching motility was assessed using a method similar to that described by Fonseca et al. (2004) . Cells from fresh culture plates were stab-inoculated with a toothpick through a thin (approximately 3 mm) Luria agar plate onto the bottom of the Petri dish. The twitching zone between the agar and the Petri dish surface was measured after incubation for 24 h at 37 8C. Attached cells were stained with crystal violet (1 % w/v). Each assay was performed in triplicate and repeated three times. The detection limit used was 5 mm.
RESULTS

Isolate typing using serotyping and RAPDs
Using the Bio-Rad slide agglutination tests for the designation of serotypes O1-O16, it was possible to assign 59 of the 63 isolates to a serotype. Each of the remaining four isolates gave agglutination with the polyvalent PME serum (O2, O5, O15 and O16) but failed to agglutinate with monovalent sera. The distribution of serotypes is shown in Table 2 . Thirty-nine of the isolates (61 %) were assigned to either serotype O1 or serotype O11.
All 63 isolates were analysed using RAPD typing. Particular attention was paid to comparing strains with common serotypes. Only three pairs of isolates were indistinguishable using RAPD typing. One pair shared the O11 serotype but differed in fpvA type and were isolated in different centres. A second pair shared serotype O10 and were both isolated from Moorfields Eye Hospital, London, but differed in PCR assays for exoY and fliC. Both carried b-type flagellins, but one was PCR-positive with only one of the primer sets for fliC whereas the other isolate was PCR-positive using both sets. Only one of these isolates was PCR-positive for exoY. A third pair, both isolated from Moorfields Eye Hospital, shared the same profile using PCR assays and serotyping. These isolates both gave agglutination only with the polyvalent PME serum and had similar low twitching activity. These two isolates were the only isolates indistinguishable by all the methods used. There was no evidence for any widespread clones.
Distribution of TTS genes
Of the 63 isolates screened, 37 (59 %) were PCR-positive for exoU, 24 (38 %) were PCR-positive for exoS, 51 (81 %) were PCR-positive for exoY and 63 (100 %) were PCR-positive for exoT. In accordance with previous studies, exoS and exoU were mutually exclusive, with the exception of one isolate that was PCR-positive for both and three isolates that were PCRnegative for both. One exoS-positive isolate was only identified when alternative PCR primers were used (Lee et al., 2003) .
The distribution of exoS and exoU amongst the various serotypes is shown in Fig. 1(a) . There was a significant association (P , 0 . 001) between serotype O11 and the presence of exoU. In contrast, exoS and exoU were far more evenly distributed amongst serotype O1 isolates. There were only small numbers representing the other serotypes found in this study. In some cases they exhibited an exclusive genotype for one of exoU or exoS (O2, O6, O8 and O10). The three serotype O4 isolates consisted of one exoS-positive, one exoU-positive and one exoS-and exoU-positive isolate.
Other variable genotypes
The 63 P. aeruginosa isolates could all be assigned to either fliC type a (48 isolates, 76 %) or fliC type b (15 isolates, 24 %). The distribution of fliC types amongst the serotype groupings is shown in Fig. 1(b) . There was a clear association between some serotypes and flagellin types. Notably, the two dominant serotypes (O1 and O11) both exclusively carried a-type flagellin genes.
Pyoverdine-receptor typing of the 63 isolates revealed the most common alleles to be fpvAII (29 isolates, 46 %) and fpvAI (24 isolates, 38 %). Five isolates (8 %) carried fpvAIII and the remaining five isolates were PCR-negative. Four of *NT indicates agglutination with the polyvalent PME mixture only.
Characteristics of P. aeruginosa keratitis isolates
the fpvAII-positive isolates were only identified after using alternative primers (P. Cornelis, personal communication). The distribution of fpvA types amongst the serotype groupings is shown in Fig. 1(c) . There was no significant association between serotype and pyoverdine-receptor type.
Twitching motility
The twitching motility of the 63 P. aeruginosa isolates varied from one isolate below the limit of detection to 35 mm. The overall mean value was 26 mm with a standard deviation of 1 . 46 mm. The distribution of isolates according to twitching zones is shown in Table 3 . To facilitate comparison with previous studies we included reference strains PAO1 and PA14 and determined their twitching activity to be 26 mm and 14 mm, respectively. Head & Yu (2004) reported a comparison of twitching activities for a number of clinical and environmental isolates of P. aeruginosa. They reported that strain PA14 had good twitching activity but that in strain PAO1 twitching motility was undetectable. In our study the vast majority (57/63; 90 %) of isolates exhibited better twitching motility than strain PA14. There was no correlation between twitching activity and O-serotype.
DISCUSSION
The TTS system of P. aeruginosa facilitates the secretion and translocation of exotoxins into target host cells and is triggered by contact with host cells (Vallis et al., 1999 NT indicates isolates that were nonserotypable using monovalent sera. N indicates isolates that were not assigned to a pyoverdine-receptor type. In a survey of 62 genetically distinct cystic fibrosis (CF) isolates from England, Scotland and Ireland, we found 48 (77 . 4 %) to be exoS-positive (unpublished data), suggesting that in CF the invasion phenotype may be more useful to P. aeruginosa. In our study of isolates associated with keratitis we found exoU-positive isolates to be in the majority (59 %:38 %, exoU:exoS). This contrasts with previous studies using isolates associated with different infections and suggests that ExoU-mediated cytotoxic activity may be an advantage for P. aeruginosa with respect to corneal infections. However, a significant minority of isolates lack exoU, suggesting that the gene is not essential in P. aeruginosamediated keratitis. Lomholt et al. (2001) reported a more even distribution between exoU and exoS genotypes amongst 61 keratitis isolates, but found exoS to be in a majority overall amongst the 145 P. aeruginosa isolates screened (34 %:66 %, exoU:exoS). In a study of 13 isolates associated with corneal infections in the USA, Cowell et al. (2003) reported invasive and cytotoxic phenotypes in equal proportions and suggested that since invasive and cytotoxic strains have different effects on corneal cells, they may require different treatment strategies.
One isolate was PCR-negative for exoS using the published multiplex-PCR assay (Ajayi et al., 2003) but PCR-positive using an alternative primer set (Lomholt et al., 2001) . In addition, a further three isolates were PCR-negative for both exoS and exoU. At least one of these isolates was positive for exoU using dot-blot hybridization (unpublished data). These observations suggest that the multiplex-PCR assay, although a useful tool for rapid TTS genotyping, may not be effective for all strains of P. aeruginosa.
In contrast to studies of CF isolates, serotyping is a useful tool for the study of P. aeruginosa eye infection isolates. This supports the evidence that smooth LPS with intact O-antigen is required for corneal infection (Priebe et al., 2004) . There have been a number of surveys investigating serotype distributions amongst P. aeruginosa isolates. In a study of 73 P. aeruginosa strains from various clinical and environmental sources, Pirnay et al. (2002) reported the predominant serotypes to be O11 (15 . 1 %), O1 (12 . 3 %), O6 (10 . 9 %) and O12 (9 . 6 %). Amongst 48 AFLP (amplified fragment length polymorphism) types isolated from burns patients, 58 . 3 % were reported as serotypes O1, O6, O11 or O12 (Pirnay et al., 2003) . In a survey of 92 genetically distinct bacteraemia isolates, O6 (25 %) and O11 (18 %) were reported to be the most common serotypes (Berthelot et al., 2003) . These studies contained few or no eye infection isolates. However, in a study of 23 isolates from contact lens wearers, Thuruthyil et al. (2001) reported O1 (30 %), O6 (17 %) and O11 (17 %) as the most common serotypes. Broadly speaking, the serotype distributions found in our study are consistent with these previous surveys but with greater predominance of the O1 and O11 serotypes. Berthelot et al. (2003) also reported two strains carrying both exoS and exoU genes. One of these isolates was serotypable and shared the same serotype (O4) as the only keratitis isolate in our study carrying both genes.
We found evidence of a correlation between serotypes O1 and O11 and flagellin type a. There is little in the literature with which to compare this novel finding. In 1996 we surveyed 64 clinical isolates and compared O-serotype with fliC type (Winstanley et al., 1996) . Three of four serotype O1 and all three O11 isolates were flagellin type a. The overall type a:type b ratio (58 %:41 %) suggested a predominance of flagellin type a, but not to the same degree as the keratitis isolates in this study (76 %:24 % There is evidence not only that P. aeruginosa flagella play a role in mucin binding, but that such binding varies depending on flagellar type (Scharfman et al., 2001) . It is possible, therefore, that the predominance of a flagellin, and hence a flagellar, type associated with a particular site of infection may be influenced by mucin-binding specificities. The apparent linkage between O1/O11 serotype and the type a fliC gene might suggest that selection for lineages carrying these gene combinations has occurred. However, it is clear that recombination/genetic variation has also played a role in the evolution of the O1/O11 serotype keratitis isolates since no such correlation was observed when the fpvA-receptor types were analysed. O1 serotype isolates carried fpvAI and fpvAII in nearly equal numbers and although fpvAII was the most common pyoverdine-receptor type amongst O11 serotype isolates, 11 of the 24 O11 isolates either carried a different fpvA allele or were non-typable. In our study the vast majority (57/63; 90 %) of isolates exhibited better twitching motility than strain PA14. In a previous study of 30 mainly clinical P. aeruginosa isolates only four had greater twitching activity than strain PA14 (Head & Yu, 2004) . However, a comparison between our strain PA14 results and those published previously (Head & Yu, 2004 ) must be treated with caution in the light of the contradictory results obtained for strain PAO1, suggesting that this very common laboratory strain may exhibit varying phenotypes in different laboratories, possibly due to mutation or recombination events. In the study by Head & Yu (2004) , twitching motility was undetectable for 12 of the 30 (40 %) isolates, all from CF patients. Kus et al. (2004) reported that over 71 % (113/159) of non-CF rectal and clinical isolates and 95 . 8 % (23 of 24) environmental isolates exhibited twitching activity. The authors also contrasted twitching activity rates between paediatric (81 . 4 %) and adult (54 . 5 %) CF isolates (Kus et al., 2004) . This compares with 68 % lacking twitching activity in a study of 60 genetically distinct CF isolates from England, Scotland and Ireland, with those isolates exhibiting twitching activity only averaging 11 . 5 mm (unpublished data). In comparison, only one keratitis isolate (1 . 6 %) in our study appeared to lack twitching activity. It is clear that CF isolates can lose their twitching ability during the course of a chronic infection (Kus et al., 2004) . However, the high prevalence of twitching activity observed amongst keratitis isolates in comparison to other clinical isolates (Kus et al., 2004) supports the notion that such activity is a requirement for successful P. aeruginosa corneal pathogens.
Interestingly there was some evidence in our study for a correlation between the presence of exoS and twitching activity (P ¼ 0 . 04). An association between the expression of TTS exoenzymes, including ExoS, and twitching motility has already been reported (Ahn et al., 2004) , and it may be that a combination of exoS genotype and good twitching activity has a role to play in ExoU-independent corneal virulence.
In conclusion, our survey of bacterial keratitis isolates in the UK revealed no evidence for a common clone but identified dominant serotypes (O1 and O11). The isolates were disproportionately exoU-positive when compared to nonkeratitis isolates and all but one exhibited twitching motility. There is evidence for correlations between some serotypes and flagellin type, but not pyoverdine-receptor type. This study provides a useful reference with which to compare P. aeruginosa isolates from other clinical and non-clinical sources in order to identify variable genetic factors contributing to particular P. aeruginosa infections.
